Lattice results on the N to ∆ electromagnetic, axial-vector and pseudoscalar form factors are evaluated using dynamical staggered sea quarks and domain wall valence quarks for pion masses in the range of 580-350 MeV, as well as, dynamical and quenched Wilson fermions for similar pion masses.
Introduction
State-of-the-art lattice QCD calculations can yield model independent results on N to ∆ transition form factors, thereby providing direct comparison with experiment. One such example is the N to ∆ quadrupole form factors that have been accurately measured in a series of recent experiments at low [1, 2] and high momentum transfers [3] . They encode information on the deformation of the nucleon and ∆. We present results on these N to ∆ electromagnetic form factors, as well as on the dominant axial-vector N to ∆ transition form factors C A 5 (q 2 ) and C A 6 (q 2 ). Experiments using electroproduction of the ∆ resonance are in the progress [4] to measure the parity violating asymmetry in N to ∆, which, to leading order, is connected to C A 5 (q 2 ). Evaluation of the pseudoscalar πN ∆ form factor, G πN ∆ (q 2 ), follows once the N to ∆ sequential propagators are computed. In addition, we evaluate the nucleon axial-vector form factors and the πN N form factor, G πN N (q 2 ). Having both the nucleon and the N to ∆ form factors allows us to discuss ratios of form factors that are expected to show weaker quark mass dependence and be less sensitive to other lattice artifacts. Furthermore, knowledge of the axial-vector form factors and the πN N and πN ∆ form factors allows us to check the Goldberger-Treiman relations.
The light quark regime is studied in two ways: Besides using configurations with two degenerate flavors of dynamical Wilson fermions we use a hybrid combination of domain wall valence quarks, which have chiral symmetry on the lattice, and MILC configurations generated with three flavors of staggered sea quarks using the Asqtad improved action [5] .
Lattice Techniques
Observables in lattice QCD are given by the vacuum expectation value of gauge invariant operators in Euclidean time:
Integrating over the fermionic degrees of freedom we obtain
where
substitutes each appearance of −ψ n ψ j in the operator and describes valence quarks whereas det(D[U ]) corresponds to sea quarks. The path integral over the gauge fields is done numerically by stochastically generating a representative ensemble of gauge configurations according to the probability
In this work, 
The expectation values are obtained by summing over the Uensemble: 
Interpolating fields for N and ∆ are:
In all cases we apply Gaussian smearing at the source and sink. In the a One exception is in the case of dynamical Wilson fermions at the smallest pion mass for which Lmπ = 3.6 as marked in the Table. case of unquenched Wilson fermions HYP-smearing is applied to the gauge links used in the Gaussian smearing of the source and sink. In the case of domain wall fermions we use HYP-smeared MILC configurations in all computations. We carry out sequential inversions by fixing the quantum numbers at the sink and source, which means that the sink time t 2 is fixed, whereas the insertion time t 1 can vary and any operator can be inserted at t 1 . In this work we consider the vector current, j , where τ a are Pauli matrices acting in flavor space. All x 1 and x 2 are summed over and we vary t 1 in search for a plateau. The exponential time dependence and unknown overlaps of the interpolating fields with the physical states cancel by dividing the three-point function with appropriate combinations of two-point functions [6] .
The lattice parameters that we use are given in the Table. Wilson fermions number of confs 
N to ∆ electromagnetic form factors
The N to ∆ matrix element of the electromagnetic current can be decomposed into a dominant magnetic dipole, G M1 , and two suppressed electric and Coulomb quadrupole form factors, G E2 and G C2 . A non-zero G E2 and G C2 signal a deformation in the nucleon and/or ∆. Precise experimental data on the quadrupole to dipole ratios,
GM1(q 2 ) , and
GM1(q 2 ) , suggest deformation of the nucleon/∆ [9] . In Fig. 1 we show the EMR and CMR ratios for the smallest pion mass in the quenched case, for two dynamical flavors of Wilson fermions and in the hybrid approach. For the first time in full QCD, we achieve good enough accuracy to exclude a zero value for these ratios. Furthermore, at low Q 2 , unquenched results become more negative bringing lattice results closer to experiment and showing the importance of the pion cloud effects at small Q 2 . In Fig. 2 we show 
Nucleon and N to ∆ axial-vector form factors
In the case of Wilson fermions, besides N to ∆ we also calculate the nucleon axial-vector form factors. The LHP collaboration [10] has evaluated these form factors in the hybrid approach with the same parameters as those used in our N to ∆ study and therefore, in this case, we use their results to compare. The nucleon axial-vector form factors G A and G p are given by
Since the final state is no longer the ∆ a new set of sequential inversions is needed. The decomposition of the N to ∆ matrix element of the axial-vector current can be written in terms of four transition form factors [11] :
Under the assumptions that C 
PCAC relates the axial form factors G A and G p with G πN N and equivalently C A 5 and C A 6 with G πN ∆ . These are the well known generalized Goldberger-Treiman relations (GTRs). As mentioned above there are advantages in considering ratios. In Fig. 4 we show two such ratios, namely 
. Assuming pion-pole dominance we can write
we have the equality 8C In Fig. 5 we present the nucleon and N to ∆ axial form factors separately together with fits of G A and C is for the hybrid approach, in both cases for the lightest pion mass. As can be seen, they deviate from the lattice results at low Q 2 . Instead they are best described by the solid curves, which are obtained by fitting the pole mass. In Fig. 6 we show the relations
where we have defined
) with a corresponding expression for G * πN ∆ . As can be seen these ratios are consistent with unity for all Q 2 -values. Finally, in Fig. 6 we show G πN N and G πN ∆ for the smallest pion mass. The dash lines are obtained from fits of G A and C A 5 via the GTRs,
As can be seen, there are large deviations at small Q 2 . Lattice results at this pion mass give a smaller value in the limit Q 2 → 0 than what is extracted from experimental data namely, 
Conclusions
Lattice results on the electromagnetic, axial-vector and pseudoscalar form factors for the nucleon and the N to ∆ transition are presented in the quenched approximation, for two-flavors of dynamical Wilson fermions and using dynamical staggered sea quarks and domain wall valence quarks (hybrid approach). Results on the quadrupole to dipole ratios EMR and CMR, obtained in the hybrid approach reaching down to a pion mass of 350 MeV and low Q 2 -values, are non-zero and of similar magnitude as in experiment. We also find that ratios of form factors, such as G πN ∆ /G πN N ∼ 1.6 and 2C 2 → 0 need further study. In particular, finite lattice spacing effects, as well as, chiral extrapolation to the physical pion mass must be investigated.
